Introduction {#s1}
============

Global climate change is expected to increase the occurrence and risk of human exposure to environmental pollutants and toxins, including those associated with cyanobacterial harmful algal blooms (cyanoHABs) (Paerl and Huisman, [@B42]; Balbus et al., [@B3]). The success of cyanobacteria thus far has been associated with environmental factors such as elevated water temperature, eutrophication and altered nutrient stoichiometry, and thermal stratification of lakes, as well as physiological adaptations in the ability of cyanobacteria to control their buoyancy, store nutrients, and maximize light use and carbon fixation (Hyenstrand et al., [@B19]). The factors associated with cyanobacterial dominance are now widely accepted, for the most part. However, very little is known about the functional and/or ecological role of cyanotoxin production, or the variables that contribute to increased toxin production in natural systems.

The most cosmopolitan, toxin-producing cyanobacteria belong to the genus *Microcystis*, and the microcystins (MC) are ubiquitous liver toxins in eutrophic lakes that threaten water quality worldwide. Ecosystem-based studies have implicated some of the key factors involved in the proliferation of *Microcystis* blooms, including nitrogen (N), phosphorus (P), light, pH, water temperature, and N: P ratios (Wicks and Thiel, [@B54]; Kotak et al., [@B26]; Oh et al., [@B39]). However, complex community interactions make it difficult to separate the factors that regulate growth from those involved in microcystin synthesis. As a result, several studies have investigated the environmental factors that differentially affect toxic vs. non-toxic populations by amplifying specific microcystin synthetase genes (Rantala et al., [@B44]; Yoshida et al., [@B56]; Rinta-Kanto et al., [@B46]). Still, the presence of a gene does not always translate to toxin production (Beversdorf et al., [@B4]). For instance, disruption of just one of the *mcy* genes by deletion, recombination, or transformation due to gene disruption or inactivation by transposons or phage would inhibit microcystin synthesis (Kurmayer et al., [@B28], [@B29]; Christiansen et al., [@B7]). Fewer studies have directly investigated the expression of microcystin gene transcripts in aquatic systems (Gobler et al., [@B14]; Sipari et al., [@B49]; Wood et al., [@B55]), and improved technologies should facilitate more ecosystem-based transcriptional work, including metatranscriptomics.

The physiological role of microcystin still eludes us despite decades of research. A recent review by Holland and Kinnear ([@B18]) discussed the various physio-ecological roles that have been put-forth for cyanotoxins. Among them, microcystins are hypothesized to aid in grazing defense, allelopathy, nutrient uptake (including iron scavenging), protection from reactive oxygen species (ROS), carbon--nitrogen metabolism, cell-signaling, and overall maintenance of cell homeostasis. Holland and Kinnear concluded that a more systematic approach is needed to deduce the factors involved in toxin production, including validating field findings with culture-based studies that describe the transcription of the gene clusters under the same environmental conditions.

Most of what we know about microcystin production has come from laboratory work performed on *Microcystis aeruginosa*, a model toxin-producing cyanobacterium, and much has been learned from molecular studies of this species, including the known biosynthetic pathway for microcystin production (Tillett et al., [@B51]). A recent review by Neilan et al. ([@B38]) discussed the various environmental factors that may contribute to cyanotoxin production at a molecular level. N, P, light, pH, growth temperature, and trace metals have all recently been shown to affect microcystin levels within *M. aeruginosa*. This suggests regulation of microcystin synthesis is controlled by global transcriptional regulator(s) responding to multiple environmental and/or physiological cues.

The identification of transcriptional regulators of microcystin synthesis and internal signals that modulate their activity is becoming clearer. Recent studies have begun to interrogate the regulatory regions of the *mcy* operon, which contains known transcriptional start sites (Kaebernick et al., [@B23]), including a binding site for the global N regulator, NtcA (Ginn et al., [@B13]). Ginn et al. ([@B13]) reported transcriptional activation of *mcyB* and *ntcA* by *M. aeruginosa* under N stressed conditions, and Sevilla et al. ([@B48]) showed that an excess of N, in the form of nitrate, increased growth but did not influence *mcy* transcription or microcystin production. In an earlier batch culture study, Downing et al. ([@B9]) suggested that microcystin production was directly related to nitrate uptake and even went on to speculate on the importance of 2-oxoglutarate (2-OG) and ammonium (NH^+^~4~) as modulators of microcystin production. And then later, Kuniyoshi et al. ([@B27]) demonstrated that 2-OG increased the affinity of NtcA for the *mcyA* promoter region of *M. aeruginosa*. All of these studies could be directly related to the glutamine synthetase/glutamate synthase pathway (GS-GOGAT), which is directly related to the amount of carbon (2-OG) and N balance in the cell (Muro-Pastor et al., [@B36]; Lindell et al., [@B31]; Vázquez-Bermúdez et al., [@B52]). In cyanobacteria, when intracellular NH^+^~4~ drops below a certain threshold, 2-OG accumulates, binds to NtcA and triggers the expression of genes involved in N assimilation (Ohashi et al., [@B40]), which requires the P~*II*~ protein and PipX (Paz-Yepes et al., [@B43]). Thus, under N stressed conditions (or excess C), nitrate (and other forms of N) is taken up until enough NH^+^~4~ is generated to restore the C: N balance within the cell. In a comparative study of toxic and non-toxic *Microcystis* strains, both nitrate transport (*nrtA*) and carbon-concentrating genes (*ccmK3* and *ccmL*) were significantly up-regulated in the toxic strains compared to the non-toxic strains, while genes involved in carbon uptake were down-regulated (Alexova et al., [@B2]). Similar studies have linked microcystin production to C availability and hypothesized direct links to photosynthesis through cyanobacterial carbon concentrating mechanisms (CCM) (Jähnichen et al., [@B20]), RubisCO-related protein binding (Zilliges et al., [@B58]), glycogen storage (Meissner et al., [@B34]), altered ratios of photosystem I and II (Makower et al., [@B33]), and localization of microcystin to the thylakoid membrane (Young et al., [@B57]). In other words, regulation of microcystin production appears to involve both C and N regulation, including intracellular C: N ratios through the uptake of N and sequestering of C.

In a previous study, we reported that inorganic N was a major driver of cyanobacterial population dynamics in the eutrophic lake, Lake Mendota (South Central Wisconsin, USA) and suggested that N stress may stimulate toxic blooms of *Microcystis* (Beversdorf et al., [@B5]). Here, we aimed to combine 3 years of toxin measurements to define a period of optimum toxin production in this lake. We then used two long-term ecological research (LTER) datasets to elucidate the factors most likely to contribute to microcystin production in Lake Mendota over intra-annual time scales. We hypothesize that the toxic phase of the lake will be defined by a lack of NH^+^~4~, resulting in high C: N ratios due to an imbalance of 2-OG and NH^+^~4~. We then propose a metabolic pathway for how C and N metabolism influence microcystin production and suggest a physio-ecological role for microcystin production in eutrophic lakes.

Methods {#s2}
=======

Study site
----------

Lake Mendota is a eutrophic lake in south-central Wisconsin, USA, which suffers from chronic, noxious cyanobacterial blooms. It is a medium-sized lake (40 km^2^; 25.3 m max depth) and the first of four eutrophic lakes spanning the Yahara River chain within the Yahara Watershed. The watershed itself is mostly agricultural and contributes massive nutrient inputs to the lakes following spring thaw, while the city of Madison, and surrounding metropolitan area, contributes to urban run-off (Lathrop, [@B30]). As such, Lake Mendota is subject to massive algal blooms, which are dominated by cyanobacterial biomass (\>90% of the phytoplankton community) during the summer months (Beversdorf et al., [@B5]).

Lake Mendota is also one of the most studied lakes in the world (Brock, [@B6]). It is one of several Wisconsin lakes included in the North Temperate Lakes-Long Term Ecological Research (NTL-LTER) program and beginning in 1995, has undergone regular sampling at the "Deep Hole" location, which includes multiple biological, chemical, and physical characteristics of the water column. In addition to the NTL-LTER program, the LTER Microbial Observatory (MO; years 2000--2010) was established to monitor changes in microbial community dynamics and complement NTL-LTER observations. Additionally, beginning in 2006, a moored buoy has occupied the Deep Hole location during the ice-off season and records high-resolution (minutes--hours) water temperature profiles, dissolved oxygen, chlorophyll, phycocyanin, wind speed, wind direction, and air temperature. Finally, from 2009 to 2011, we established a field campaign to specifically measure, on weekly time-scales, cyanobacterial community dynamics and cyanotoxin concentrations.

Analytical measurements
-----------------------

All protocols for the 2009--2011 field seasons are described in Beversdorf et al. ([@B5]), with the exception that 2009 samples were collected at discrete depths using a Van Dorn bottle within in the photic zone and then integrated for comparison to the 2010--2011 photic zone samples that were collected with an integrated sampler. All other chemical (including microcystin), biological, and physical measurements were identical from 2009 to 2011. Microcystin (MC) was extracted by lyophilizing frozen, unfiltered water samples. The remaining pellet was resuspended in 5% acetic acid, freeze thawed three times (--20°C and room temperature, respectively), and then separated by solid phase extraction (Bond Elut C18 column, Varian). After washing with 20% methanol, the final product was eluted in 100% methanol, evaporated in a 55°C oven to dryness, and resuspended in 1 mL of 70% methanol (Harada et al., [@B15]). MC was then detected and quantified by the Wisconsin State Lab of Hygiene (SLOH) using electrospray ionization-tandem mass spectrometry (API 3200, MS/MS) after liquid chromatography (LC) separation on a Phenomenex Luna C18 column (Eaglesham et al., [@B10]; Hedman et al., [@B16]). Overall, we targeted four MC variants in this study---MC-LA, MC-LR, MC-RR, and MC-YR---with MC-LR being the predominant variant in all Lake Mendota samples (L = leucine, R = arginine, A = alanine, and Y = tyrosine). Here, we present MC as the sum of those detected microcystin variants.

All NTL-LTER sampling and preservation procedures, analytical protocols, and detection limits are available online (<https://lter.limnology.wisc.edu/research/protocols>). Briefly, all nutrients were measured spectrophotometrically using autoanalyzers. N and P measurements from 1995 to 2006 were performed using a Technicon segmented flow autoanalyzer; after 2006, measurements were conducted on an Astoria-Pacific Astoria II segmented flow autoanalyzer. All silica (Si) measurements were performed using a Bausch and Lomb spectrophotometer from 1995 to 2006 and then a Technicon Autoanalyzer II after 2006. Similarly, all C measurements from 1995 to 2006 were performed on OI 700 Carbon Analyzer and after 2006, were measured using a Shimadzu TOC-V~*CSH*~ Carbon Analyzer. Briefly, NH^+^~4~ was measured spectrophotometrically at 660 nm after conversion to indophenol. Nitrate and nitrite (N + N) were simultaneously measured spectrophotometrically at 520 nm following cadmium reduction. Dissolved reactive P (DRP) was measured spectrophotometrically at 880 nm following conversion to the phosphomolybdenum complex. Total P (TP) and total N (TN) were first digested by addition of sodium hydroxide-potassium persulfate and then autoclaving; TP and TN were then measured as DRP and N + N, respectively. Dissolved reactive silica (DRSi) was determined using the heteropoly blue method and read spectrophotometrically at 820 nm. Dissolved (DIC) and total inorganic carbon (TIC) were extracted using phosphoric acid, and dissolved (DOC) and total organic carbon (TOC) were digested using sodium persulfate and heat before detection by a non-dispersive infrared detector (NDIR). We report total carbon (TC) as the sum of TIC and TOC. All nutrient ratios are reported as mass: mass per volume ratios.

Cyanobacterial community composition
------------------------------------

Phytoplankton cell counts were collected by the NTL-LTER program and then enumerated by PhycoTech, Inc., following the 2-hydroxypropyl methacrylate (HPMA) method (Crumpton, [@B8]). Briefly, 0--8 m integrated lake water samples were collected and preserved in glutaraldehyde (2.5--5.0% final concentration). Samples were filtered onto 0.45 μm nitrocellulose membrane filters, which were then heat-fixed onto glass slides with the acrylate resin. Cell counts were then enumerated using an Olympus BX60, research-grade compound microscope equipped with Nomarski and phase optics, a 1.25--2× multiplier, epifluorescence (blue, green, and UV excitation), and a trinocular head mounted with an Olympus MicroFire™ Digital Camera. PhycoTech, Inc. also converts cell counts to biovolume concentrations (μm^3^ mL^−1^) by multiplying cell density (cells mL^−1^) by the average cell volume (μm^3^ cell^−1^).

Cyanobacterial community composition was also determined using the cyanobacterial phycocyanin intergenic spacer (PC-IGS) region described in Beversdorf et al. ([@B5]). Briefly, this cyanobacterial-specific analysis exploits the variable PC-IGS region of the phycocyanin operon. Following *MspI* digestion, the variable lengths of the PC-IGS fragment can be used to identify subgenus level taxonomic units of the larger cyanobacterial community (Miller and McMahon, [@B35]). The *MspI* fragments were sized using denaturing capillary electrophoresis \[ABI 37306l DNA Analyzer; University of Wisconsin Biotechnology Center (UWBC)\]. For each sample, triplicate electropherogram profiles were analyzed using GeneMarker® (SoftGenetics) software v 1.5. In addition, a script developed in the R Statistics Environment was used to distinguish potential peaks from baseline noise (Jones and McMahon, [@B22]; Jones et al., [@B21]). Relative abundance data from this script was calculated by dividing the height of each peak by the sum of peak heights per sample. Aligned, overlapping peaks were binned into subgenus taxonomic units (Miller and McMahon, [@B35]). Fragment lengths were matched to an *in silico* digested database of PC-IGS sequences using the Phylogenetic Assignment Tool (<https://secure.limnology.wisc.edu/trflp/>) (Kent et al., [@B25]). These taxa were then named based on the genus and base pair length of the PC-IGS fragment identified. For example, "Mic215" represents a *Microcystis* genotype identified by a PC-IGS fragment length of 215 base pairs.

Lake physics calculations
-------------------------

Lake physics characteristics were calculated using MatLab v2012a (2012)[^1^](#fn0001){ref-type="fn"} and the previously described Lake Analyzer program (Read et al., [@B45]). Briefly, Wedderburn Number (W), Schmidt Stability (SS), Lake Number (L~N~), and mixed layer depth (Z~mix~) were estimated from water temperature profiles and meteorological data collected at the time of sampling, as well as lake bathymetry. SS represents the resistance of lake mixing due to the energy stored within the lake (i.e., how stratified the lake is), W describes the likelihood of upwelling under stratified conditions, and L~N~ represents the amount of wind induced mixing within the lake. Both W and L~N~ are affected by the water friction velocity (*u*^\*^) that is due to wind forcing. Lake Analyzer also calculates the buoyancy frequency (N^2^), which describes the water column stability based on density gradients. Very simply, these indices are expected to increase as a lake becomes more thermally stratified and takes more energy and wind forcing to cause the water column to turnover.

Statistical methods
-------------------

The NTL-LTER program collects integrated 8 m samples from the surface waters for phytoplankton counts, but chemical data are collected at discrete depths ranging from 0 m to the bottom of the lake (and include 0, 2, 4, and 8 m). Therefore, in this analysis, we integrated all chemical data between 0 and 8 m for comparison to the phytoplankton communities. In addition, all temperature, dissolved oxygen, and pH measurements were collected at 1 m intervals between 0 and 8 m and were integrated for statistical analyses as well. All LTER-MO samples that were collected for cyanobacterial community composition were collected between 0 and 12 m, so direct comparisons between the two LTER datasets (0--8 m) are confounded by this discrepancy.

For temporal comparisons, we used the Kruskal--Wallis (K--W) non-parametric test instead of analysis of variance (ANOVA) to determine if seasonal means were significantly different (*p* \< 0.05) since not all data were normally distributed. All K--W comparisons were performed in MatLab v2012a using the *kruskalwallis* function. All regression models were performed using the *LinearModel.fit* function in MatLab v2-12a.

Results {#s3}
=======

Defining the toxic phase
------------------------

We previously defined the toxic phase in Lake Mendota as the time period in which MC concentrations were above 1 μg L^−1^, the World Health Organization\'s (WHO) level for safe drinking water (Who, [@B53]; Beversdorf et al., [@B5]). Deep Hole measurements of MC were conducted during 2009--2011 between the months of April and October. Based on the 3 years of MC data observed, we defined the toxic phase of Lake Mendota to occur between days 170 and 250 (June 19th to September 7th) where mean MC concentrations were significantly above 1 μg L^−1^ ± standard error (Figure [1](#F1){ref-type="fig"}). Additionally, days 1--169 were termed the pre-toxic phase and days 251--365 were termed the post-toxic phase. In these years, we noted that *Microcystis* biovolume and MC concentrations were most prevalent when NH^+^~4~ was not detectable in Lake Mendota. *Aphanizomenon* emerged as the most abundant cyanobacteria in every year during the decline of NH^+^~4~, though N + N concentrations were still relatively high, suggesting that the rapid decline in NH^+^~4~ actually induced the lake to undergo temporary N limitation. This phenomenon occurred throughout the entire LTER sampling period as well (1995--2010) (Figure [2](#F2){ref-type="fig"}) and is likely associated with the ability to fix N~2~, which was measured in 2010 and 2011 (Beversdorf et al., [@B5]). Because we only had MC measurements for 3 years, we used LTER samples (collected at biweekly time-scales from 1995 to 2010), to interrogate these phases further \[pre-toxic phase (*n* = 122); toxic phase (*n* = 100); post-toxic phase (*n* = 55)\].

![**Ammonium and total microcystin concentrations, as well as *Aphanizomenon* and *Microcystis* biovolume, in Lake Mendota for the years 2009--2011**. Solid lines indicate the beginning (day 170) and end (day 250) of what we have defined as the toxic phase.](fmicb-06-00456-g0001){#F1}

![**Intra-annual changes in (A) water temperature (WTemp) and Schmidt Stability (SS), (B) total carbon (TC) and dissolved inorganic C (DIC), (C) total nitrogen (TN), nitrate + nitrite (N + N), and ammonium (NH^+^~4~), (D) total phosphorus (TP) and dissolved reactive P (DRP), (E) Microcystis and Aphanizomenon biovolume, (F) ratios of TC: TN, TC: TP, TP: TN, as well as DIC: DRP, DIC: dissolved inorganic N (DIN), and DIN: DRP**. All plots represent data collected between 1995--2010 by the North Temperate Lakes-Long Term Ecological Research (NTL-LTER) program. Solid lines indicate the beginning (day 170) and end (day 250) of what we have defined as the toxic phase. See Table [1](#T1){ref-type="table"} for units.](fmicb-06-00456-g0002){#F2}

Pre-toxic to toxic phase transition
-----------------------------------

When parameter means were compared between the three lake phases described, most were significantly different, likely due to the strong seasonal gradients found in Lake Mendota (Table [1](#T1){ref-type="table"}, standard deviations and ranges in Table [S1](#SM1){ref-type="supplementary-material"}). The most significant changes occurred during the transition from the pre-toxic to toxic phase, as this is essentially the seasonal change from winter thaw to spring to summer stratification in the lake. As expected, physical lake parameters such as L~N~, W, SS, and N^2^ all significantly increased as water temperature increased and the lake began to stratify (Figure [2A](#F2){ref-type="fig"}). As the thermocline developed, the mixed layer and photic zone (i.e., Secchi) depths decreased. Total cyanobacterial biovolume, and all of the major genera except *Synechocystis*, significantly increased as well. Most notably, *Aphanizomenon* was the most abundant genera observed, followed by *Microcystis* (Figure [2E](#F2){ref-type="fig"}). Along with the increase in cyanobacterial volume, most nutrients significantly decreased (Figures [2B--D](#F2){ref-type="fig"}). Only DOC and the DIN: DRP ratio did not significantly change during this time, though the mean DIN: DRP ratio increased from 14 to 30 (by mass). The increase in DIN: DRP was associated with precipitous decreases in DRP, while N + N concentrations remained relatively high moving into the toxic phase. TN: TP ratios also significantly increased from 15 to 23, and while DIC only slightly decreased from 46.4 to 40.1 mg L^−1^, the DIC: DIN ratio increased from 61 to 1331 (Figure [2F](#F2){ref-type="fig"}).

###### 

**Mean values for most abundant Cyanophyta genera, as well as several biological, chemical, and physical parameters measured from the Lake Mendota Deep Hole location between the years 1995--2010**.

                                    **Pre-toxic**   **Toxic**   **Post-toxic**   **K-W**
  --------------------------------- --------------- ----------- ---------------- ---------
  **CYANOPHYTA**                                                                 
  Total biovolume (μm^3^ mL^−1^)    110,000         26,00,000   920,000          a, b, c
  *Aphanizomenon* (μm^3^ mL^−1^)    85,000          17,00,000   560,000          a, b, c
  *Microcystis* (μm^3^ mL^−1^)      4600            440,000     150,000          a, b, c
  *Oscillatoria* (μm^3^ mL^−1^)     1100            110,000     68,000           a, b, c
  *Aphanothece* (μm^3^ mL^−1^)      3900            100,000     17,000           a, b, c
  *Synechococcus* (μm^3^ mL^−1^)    1900            4400        3500             a, c
  *Synechocystis* (μm^3^ mL^−1^)    1600            1200        1700             
  **NUTRIENTS**                                                                  
  TC (mg L^−1^)                     52.2            45.9        50.3             a, b, c
  TN (μg L^−1^)                     1470            980         1060             a, b, c
  TP (μg L^−1^)                     110             50          110              a, b
  TC:TN (by mass)                   37              51          49               a, c
  TC:TP (by mass)                   515             1230        543              a, b
  TN:TP (by mass)                   15              23          12               a, b, c
  DOC (mg L^−1^)                    5.9             6.1         5.8              
  DIC (mg L^−1^)                    46.4            40.1        44.2             a, b, c
  N + N (μg L^−1^)                  600             160         60               a, b, c
  NH^+^~4~ (μg L^−1^)               210             20          340              a, b, c
  DRP (μg L^−1^)                    80              10          80               a, b
  DIC:DIN (by mass)                 61              1331        222              a, b, c
  DIC:DRP (by mass)                 808             17260       1811             a, b, c
  DIN:DRP (by mass)                 14              30          7                b, c
  DRSi (μg L^−1^)                   1190            1560        2000             a, b, c
  **PHYSICAL**                                                                   
  Water temp (°C)                   8.8             23.1        12.9             a, b, c
  Dissolved oxygen (mg L^−1^)       12.0            8.6         9.0              a, c
  pH (--log \[H^+^\])               8.4             8.9         8.4              a, b
  Secchi (m)                        5.2             2.4         3.3              a, b, c
  Lake number (unitless)            0.57            3.08        0.38             a, b
  Wedderburn number (unitless)      1.23            5.54        1.80             a, b
  Schmidt stability (J m^−2^)       66              537         72               a, b
  *u*^\*^ (m s^−1^)                 0.015           0.015       0.016            
  Boyancy frequency (N^2^, s^−2^)   0.001           0.005       0.002            a, b
  Mixed layer depth (Z~mix~, m)     12.3            7.5         16.3             a, b, c

*All of the data were split into three time periods (phases) based on the 2009--2011 microcystin data. The toxic phase represents the period when mean microcystin concentrations were significantly greater than 1 μg L^−1^ (days 170--250). Significance between the phases was tested using a Kruskal--Wallis test (K--W; p \< 0.05). a, significant difference between pre-toxic and toxic phases; b, significant difference between toxic and post-toxic phases; c, ignificant difference between pre-toxic and post-toxic phases*.

Differences between pre-toxic and post-toxic phases
---------------------------------------------------

We expected fewer parameters to be significantly different between the pre- and post-toxic phases, since spring and fall mixing often lead to seasonal commonalities such as higher nutrients, cooler waters, and a homogenous, well-mixed water column. For example, TP, DRP, TC: TP, pH, and lake physics characteristics related to internal lake mixing (i.e., W, SS, N^2^, Z~mix~, and L~N~) were not significantly different between the pre- and post-toxic phases (Table [1](#T1){ref-type="table"}). Conversely, with the exception of *Synechocystis*, all major cyanobacterial genera were significantly higher in the post-toxic phase compared to the pre-toxic phase, including *Microcystis* (Figure [2E](#F2){ref-type="fig"}). Temperature was also significantly higher in the post-toxic phase by an average of 4.1°C. Of particular interest here, N + N and NH^+^~4~ reversed roles in the pre- and post-toxic phases; N + N concentrations were at their lowest, whereas NH^+^~4~ concentrations were at their highest, during the post-toxic phase (Figure [2C](#F2){ref-type="fig"}). As a result, the relatively high DRP, and low N + N, concentrations led to the lowest TN: TP and DIN: DRP ratios during the post-toxic phase (\~12 and 7, respectively) (Figure [2F](#F2){ref-type="fig"}).

Toxic to post-toxic transition
------------------------------

As with the pre-toxic to toxic transition, we expected most physical parameters to significantly change as water temperatures cooled into the post-toxic phase, thermal stratification broke down, and the lake mixed. As such, W, buoyancy frequency (N^2^), L~N~, and SS all significantly decreased (Table [1](#T1){ref-type="table"}). Additionally, the average mixed layer depth increased from 7.5 to 16.3 m. With the lake turning over, nutrients also significantly increased as nutrient rich hypolimnetic water became entrained into the epilimnion (Figures [2B--D](#F2){ref-type="fig"}). As described above, one exception was that N + N remained low (60 μg L^−1^). However, NH^+^~4~ significantly increased from 20 to 340 μg L^−1^. TN: TP decreased from 23 to 12, DIN: DRP decreased from 30 to 7 and DIC: DIN decreased from 1331 to 222. The major cyanobacterial genera also significantly decreased (Table [1](#T1){ref-type="table"}, Figure [2E](#F2){ref-type="fig"}), though *Aphanizomenon* and *Microcystis* remained relatively high well into the post-toxic phase representing approximately 49 and 29%, respectively, of the total cyanobacterial biovolume and cyanobacteria were still the dominant phytoplankton species. Additionally, while the water temperature decreased from the toxic to post-toxic phase, average temperatures remained above 15°C until mid-October (Figure [2A](#F2){ref-type="fig"}).

Changes in *Microcystis* genotypes throughout the summer and long term
----------------------------------------------------------------------

From 2000 to 2010, the LTER-MO has collected DNA from the Deep Hole location of Lake Mendota. Using the phycocyanin intergenic spacer region (PC-IGS) and comparing the fragments observed to an *in silico* digest, we have identified several abundant taxa at the molecular level. Of interest here, three *Microcystis* taxa (Mic215, Mic506, and Mic660) are of the most abundant cyanobacteria in Lake Mendota, representing, on average, up to \~60% of the cyanobacterial community at times (Figure [3](#F3){ref-type="fig"}). However, all three taxa (on average) occurred at different times of the year with Mic215 occurring first, followed by Mic506 and then Mic660 (Figure [3](#F3){ref-type="fig"}). Fitting the data using a Gaussian distribution, the 95% confidence intervals place the peak abundances for Mic215, Mic506, and Mic660 between days 160--200, 210--230, and 240--260, respectively. Because the data are relative to the total cyanobacterial community, it is impossible to determine the absolute abundance of each *Microcystis* genotype moving from the toxic to post-toxic phase. However, on average, the sum of the *Microcystis* genotypes made up 20% of the cyanobacterial community during the toxic and post-toxic phases (Table [2](#T2){ref-type="table"}, standard deviations and ranges in Table [S2](#SM2){ref-type="supplementary-material"}).

![**Intra-annual changes in *Microcystis* genotypes in relative fluorescence units (RFU)**. Biweekly samples were collected by the LTER-Microbial Observatory from 2000 to 2010. Three different genotypes were identified---Mic215, Mic506, and Mic660---and emerged at different times of the year. Solid lines indicate the beginning (day 170) and end (day 250) of what we have defined as the toxic phase.](fmicb-06-00456-g0003){#F3}

###### 

**Mean values for known *Microcystis* genotypes measured from the Lake Mendota Deep Hole location between the years 2000--2010**.

  **Genotype**            **Pre-toxic**   **Toxic**   **Post-toxic**   **K-W**
  ----------------------- --------------- ----------- ---------------- ---------
  Microcystis 215 (%)     8.1             5.6         3.7              c
  Microcystis 506 (%)     0.5             1.4         1.7              a
  Microcystis 660 (%)     0.2             13.0        14.5             a, c
  Total Microcystis (%)   8.8             20.0        19.9             a, c

*All of the data were split into three time periods (phases) based on the 2009--2011 microcystin data. The toxic phase represents the period when mean microcystin concentrations were significantly greater than 1 μg L^−1^ (days 170--250). Significance between the phases was tested using a Kruskal--Wallis test (K--W; p \< 0.05). a, significant difference between pre-toxic and toxic phases; c, significant difference between pre-toxic and post-toxic phases*.

Over the LTER time-series (NTL and MO), few parameters have significantly changed. However, all *Microcystis* genotypes have significantly increased (linear, *p* \< 0.05), albeit at very low *R*^2^-values (Mic215 = 0.04, Mic506 = 0.12, Mic660 = 0.04). Additionally, DIC (*R*^2^ = 0.93), DIC: DIN (*R*^2^ = 0.68), and DIN: DRP (*R*^2^ = 0.50) have also significantly increased (second order polynomial, *p* \< 0.05) (Figure [4](#F4){ref-type="fig"}). While N + N has not significantly increased (*R*^2^ = 0.30, *p* \> 0.05), it has drastically altered the C: N and N: P ratios since 2008, which was also a year of a 100-year flood in South Central Wisconsin (Fitzpatrick et al., [@B11]).

![**Long-term trends in (A) *Microcystis* genotypes, (B) dissolved inorganic carbon (DIC), nitrate + nitrite (N + N), and the (C) DIC: DIN and DIC: dissolved reactive phosphorus ratios (DRP) (ratios by mass)**. Dashed lines represent significant (*p* \< 0.05) linear correlations for *Microcystis* genotypes and significant second order polynomial regressions for DIC, DIC: DIN, and DIN: DRP. N + N was not significant. Additionally, in 2008, South Central Wisconsin experienced a 100-year flood, which may account for some of biogeochemical changes observed at that time.](fmicb-06-00456-g0004){#F4}

Discussion {#s4}
==========

Using 3 years of observed microcystin measurements, we described three phases in Lake Mendota as pre-toxic, toxic, and post-toxic phases. We chose to use these time frames, rather than the conventional seasons (e.g., spring, summer, autumn), to accurately describe the environmental conditions present before, during, and after toxic cyanobacterial blooms. We then used two long-term datasets to investigate the intra-annual variability in biological, chemical, and physical factors that these phases consistently undergo each year. TN: TP, N + N, NH^+^~4~, DIC: DIN, water temperature, and Secchi depth, among others, were all significantly different in all three phases described. Large external and internal nutrient loading following ice-off in the spring resulted in high DRP, NH^+^~4~, and N + N concentrations, with TN: TP ratios of \~15, during the pre-toxic phase. DIC was also highest in the pre-toxic phase since gases are more soluble in cold water. As Lake Mendota began to stratify moving into the toxic phase, NH^+^~4~ was rapidly taken up, resulting in N stress and N~2~ fixation (Beversdorf et al., [@B5]). Then, DRP and N + N were converted to biomass and TN: TP ratios were highest during the toxic phase (\~23). DIC decreased slightly as water temperatures rose, but the absence of N resulted in extremely high DIC: DIN ratios (\>1000 by mass). In the post-toxic phase, DRP and N increased due to lake mixing, but the majority of N was in the form of NH^+^~4~, likely due to summer ammonification in the hypolimnion. DRP concentrations were relatively high compared to that of NH^+^~4~ resulting in very low DIN: DRP and TN: TP ratios (\<7 and \<12, respectively). Water temperatures decreased resulting in an increase in DIC. However, while decreased in the post-toxic phase, water temperatures were still significantly warmer (by 4.1°C) than in the pre-toxic phase. Thus, *Microcystis*, though decreased overall moving into the post-toxic phase, was still able to account for a major portion of the cyanobacterial community (29% by biovolume, 20% by RFU). Additionally, a different *Microcystis* taxa (Mic660) was dominant during this time period. This might suggest that 1) either Mic660 represents a non-toxic strain of *Microcystis* and/or 2) some environmental factor in the post-toxic phase triggered toxin production to shut down. Herein, we discuss environmental factors that may select for toxic strains of *Microcystis* in lakes or that may trigger MC synthesis.

A recent publication by Scott et al. ([@B47]) regarding the occurrence of MC in lakes with low N to P (N: P) ratios (Orihel et al., [@B41]) discussed the interpretation of total N (TN) and total P (TP) ratios in eutrophic, toxic lakes. Their analysis suggested that moderate TN: TP ratios (12--23 by mass) were a better predictor of microcystin levels in lakes and concluded the TN: TP ratios are a reflection of total phytoplankton biomass and not causally linked to MC concentrations. Our results support their premise as TN: TP ratios averaged \~20 during the toxic phase when cyanobacterial biovolume was at its peak. However, those were also the highest TN: TP ratios observed throughout the year (Figure [2](#F2){ref-type="fig"}). Thus, in Lake Mendota, low TN: TP ratios correlate better to other phytoplankton divisions such as Bacillariophyta, Chlorophyta, Chrysophyta, and Cryptophyta and the percent of Cyanophyta that makes up the whole community increases with increasing TN: TP (Figure [S1](#SM3){ref-type="supplementary-material"}). Scott et al. ([@B47]) also stated that TN: TP ratios may not be a good indicator of nutrient availability. Again, our results support that premise. In both the pre- and post-toxic phases, TN: TP ratios were relatively low (≤ 15) due to the very high concentrations of P (mostly DRP). In the pre-toxic phase, N + N was three times higher than NH^+^~4~, but NH^+^~4~ was an order of magnitude higher than N + N in the post-toxic phase. During the toxic phase, NH^+^~4~ was the first nutrient to drop below detection. Conversely, DIC remained extremely high in Lake Mendota year round. Thus, all three phases had very different inorganic nutrient regimes, most notably with respect to N speciation, and it appeared that NH^+^~4~ concentrations had a larger impact on N limitation and community changes than N + N (Beversdorf et al., [@B5]).

Previous research suggested that MC biosynthesis in *Microcystis* is regulated by cellular C and N metabolism (Ginn et al., [@B13]; Alexova et al., [@B2]; Kuniyoshi et al., [@B27]). Ginn et al. ([@B13]) and Kuniyoshi et al. ([@B27]) suggested that under N stress, the global N regulator, NtcA, may bind to the *mcyA/D* promoter to activate and enhance MC production. Additionally, Downing et al. ([@B9]) reported that microcystin production was regulated by N uptake rates, rather than overall growth rate. Thus, these studies may be causally linked. Under N stressed conditions, NtcA would trigger nitrate uptake and assimilation, which in turn would be reflected in an increase in MC production due to NtcA as well (Figure [5](#F5){ref-type="fig"}). Transcription of *ntcA*, the global N regulating gene in cyanobacteria, is actually regulated by levels of 2-oxoglutarate (2-OG) within the cell (Muro-Pastor et al., [@B36], [@B37]; Tanigawa et al., [@B50]). NH^+^~4~ and 2-OG are tightly regulated and both are incorporated into the glutamine synthetase (GS) and glutamate synthase (GOGAT) pathways as the N and C building blocks of amino acids and other C-N molecules (Figure [5](#F5){ref-type="fig"}). Assimilation of N in the cell must be in the reduced form of NH^+^~4~. Therefore, nitrate, urea, N~2~fixation, etc., must be converted to NH^+^~4~ before entering into the GS-GOGAT pathway where it is eventually assimilated with 2-OG into glutamate and glutamine. Thus, the presence of available N does not necessarily mean that genes controlled by cellular N concentration will be turned off, or down-regulated within a cell. If levels of 2-OG are high, NtcA will activate genes involved in assimilation of other N forms. In addition, if NH^+^~4~ in particular is rapidly drawn down, a lag period may occur before enough N (e.g., nitrate or N~2~) can be reduced to offset 2-OG levels. Thus, N~2~ fixation can occur in the presence of nitrate (suggesting rapid N limitation), as we have seen in this dataset and elsewhere (Flores and Herrero, [@B12]), further suggesting that the absence of NH^+^~4~ alone can cause N stress. The absence of NH^+^~4~ could be a trigger for toxin production if *ntcA* and *mcy* are coupled as suggested by Ginn et al. ([@B13]) and Kuniyoshi et al. ([@B27]). This could also explain why MC concentrations decrease in the post-toxic phase, even though water temperatures and *Microcystis* biovolume remain relatively high, because epilimnetic NH^+^~4~ rapidly increases with the onset of lake mixing.

![**Metabolic pathways potentially involved in the regulation of microcystin biosynthesis**. Nitrogen metabolism and acquisition, photosynthesis/carbon regulation, and iron uptake have been previously implicated as pathways involved in microcystin expression. NtcA is a major global regulator that links them together. If there is an excess of carbon (either from nitrogen starvation or replete carbon fixation), the buildup of 2-oxoglutarate triggers *ntcA* to turn on nitrogen uptake systems, such as nitrate uptake (*nrtA*) or nitrogen fixation (*hetR*, dotted line pathway), and inhibit carbon fixation. Additionally, NtcA has been shown to bind to the microcystin operon at an *mcyA/D* transcriptional start. Other potential start sites exist in the operon for both iron and light regulation.](fmicb-06-00456-g0005){#F5}

In addition to 2-OG regulation of *ntcA* and MC, C metabolism has been implicated in MC production. While most studies have related light levels to growth, or possibly oxidative stress, two of the first studies on MC biosynthesis showed that there are two light-dependent transcription start sites within the *mcyA/D* region of the *mcy* operon and that one region may be constitutively expressed under low light, while the other is up-regulated under high light (Kaebernick et al., [@B24], [@B23]). This would also relate to C and N balance in the cell if, for instance, high light intensity led to increased photosynthesis, C fixation, and C intermediates such as 2-OG, which could then trigger an increase in *ntcA* and *mcy* expression. Additionally, Alexova et al. ([@B2]) observed that proteins involved in N and C metabolism were differentially expressed in toxic vs. non-toxic strains of *Microcystis aeruginosa*. In particular, toxic strains exhibited an increase in N assimilation proteins and proteins involved in carbon concentration within the carboxysome (CcmL and CcmK3). Thus, toxic strains exhibited differential expression that may be directly related to C/N homeostasis.

Lindell et al. ([@B31]) and Lindell and Post ([@B32]) looked at the expression of *ntcA* under varying NH^+^~4~ concentrations and C: N ratios under conditions relevant to the environment. They found that when NH^+^~4~ concentrations dropped below 1 μM (14 μg L^−1^), *ntcA* was immediately up-regulated. Additionally, small changes in intracellular C: N ratios (e.g., from 6 to 8) resulted in rapid increases in *ntcA* expression. The average NH^+^~4~ concentration in Lake Mendota during the toxic phase was 20 μg L^−1^, which is very close to the 14 μg L^−1^ reported by Lindell and Post ([@B32]). However, given that those experiments were performed with *Prochlorococcus* (a tiny marine picocyanobacteria), it is possible that *Microcystis* has a much larger intracellular NH^+^~4~ demand. Both TC: TN and DIC: DIN ratios were orders of magnitude above the levels reported by Lindell et al. ([@B31]). While TC: TN increased significantly from 37 to 51 from the pre-toxic to toxic phase, it did change into the post-toxic phase. Conversely, the average DIC: DIN ratio increased from 61 to 1331 from the pre-toxic to toxic phase and then dropped back down to 222 in the post-toxic phase. Thus, as with the discussion regarding TN: TP vs. inorganic N and P concentrations, the DIC: DIN ratio is likely to be much more representative of the nutrient availability than TC: TN and suggests that N might be highly limited compared to C, which may again be a trigger for toxin production.

While the underlying cause of MC production remains elusive, our previous studies and data presented here suggest that N and C metabolism could play a major role in MC production in the environment. We have postulated the role of C and N metabolism in toxin production (Figure [5](#F5){ref-type="fig"}) and suggest that more studies are needed to connect the environmental factors that ultimately control toxin production at the molecular level. An underlying question is, "Why would cyanobacteria produce a C and N rich compound under times of N stress?" In plants, it is well known that altered C: N results in an increase in secondary metabolite synthesis. Since cyanotoxins are secondary metabolites, this is consistent. Under N deficiency, plants tend to build starches and carbohydrates and redirect primary metabolism (Hermans et al., [@B17]). Alexova et al. ([@B2]) showed that toxic strains of *Microcystis* did up-regulate the expression of proteins involved in concentrating C in the cyanobacterial carboxysome. Thus, part of the MC response may actually be to redirect primary metabolism to storage molecules for C and possibly N as well. Meissner et al. ([@B34]) also observed an increase in glycogen storage in MC-producing *Microcystis* vs. non-toxic strains under high-light conditions. Interestingly, Meissner et al. also observed a decrease in cellular MC concentrations under those same conditions. One explanation may be that MC binds to proteins in the cell as a result to cellular stress (Zilliges et al., [@B58]) or as an aid to photosynthesis-related machinery (Makower et al., [@B33]), and the apparent decrease in the cell is caused by strong covalent binding. This is particularly interesting for field-based studies, as it could account for some of the temporal variability observed in toxic lakes, and calls for new technologies to definitively measure bound MC. Regardless, MC production as a stress response to ROS has also been associated with iron deficiency (Alexova et al., [@B1]), which may be part of a larger global response involving iron, N and C metabolism. MC has also been implicated as an allelopathic compound (Holland and Kinnear, [@B18]) in that, while it costs energy to produce, it gives toxic *Microcystis* a competitive advantage over other phytoplankton in their environment. This may also be represented in our data as three separate genotypes (Mic215, Mic506, and Mic660) dominate the *Microcystis* population at three different times throughout the year (Figure [3](#F3){ref-type="fig"}) with very different prevailing biological, chemical, and physical characteristics (Figure [2](#F2){ref-type="fig"}) including high-light conditions (and N stress) occurring during the toxic phase.

Earlier, we alluded to the need for a systematic approach using both field-based observations and transcriptional culture-based studies to ascertain the physio-ecological role for microcystin production. We have shown how C and N metabolism could be connected to MC production at the **ecosystem** level and proposed a **cellular** model for MC regulation/synthesis based on available laboratory studies. Very recent transcriptomic studies have validated, to some extent, these connections, and we suggest that further studies---including mechanistic studies and models, experiments focusing on functional genes, and ecosystem level transcription/-omics---need to focus on the links between C and N metabolism and a potential role of MC as an aid to photosynthesis and ROS protection. Specifically, several studies have shown that MC may be localized within the cell, and may form specific bonds with photosynthetic machinery including the thylakoid membrane. While this provides strong evidence for current hypotheses that suggest MC is involved is ROS protection, C storage, or even as an electron sink, further data are needed to employ reasonable management decisions regarding freshwater resources.
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